Abstract. Landslide-induced wave in lakes or offshore is a natural hazard of significant concern throughout the world.
Introduction
Rapid landslides can entre reservoirs and, depending on their velocity, generate impulsive waves, which propagate, reaching sillages and causing considerable destruction, as has occurred previously (Pastor et al., 2009) . Two dramatic examples of such events are the Vajont Dam disaster and the Lituya Bay megatsunami event. In both examples, extremely large rock masses slid into reservoirs, and these slides produced waves hundreds of metres in height. The Vajont Dam disaster was particularly serious, as it caused the deaths of 2000 people, and this case has become an important example of such problems, prompting other communities to take remedial measures (Genevois and Ghirotti, 2005; Bosa and Petti, 2011) . To evaluate the risks posed by these waves, it is necessary to use models that can accurately provide information on all slide phenomena such as triggering, propagation, entering the reservoir and the propagation of the resulting impulsive wave. To model all these aspects, engineers and geologists must use several empirical relationships and a series of models. The assessment of impulsive waves triggered by landslides in artificial reservoirs plays an important role in the planning and management of dams and reservoirs. In artificial basins where significant landslide risk exists, water is kept well below the maximum level, thereby preventing the potential impulse wave from overtopping the dam and reducing the wave run-up on the opposite shorelines (Panizzo et al., 2005) . In the literature, there are several studies on the modelling of landslide-generated waves and the adverse impacts of such waves. These studies have been grouped into three categories, including mathematical theory (Stoker, 1957; Prins, 1958; Kranzer and Keller, 1960; Le Mehaute and Wang, 1996) , physical modelling experiments Published by Copernicus Publications on behalf of the European Geosciences Union.
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A. Akgün: Assessment of possible damaged areas due to landslide-induced waves (Wiegel, 1955; Wiegel et al., 1970; Kamphuis and Bowering, 1970; Voight, 1979, 1982; Huber and Hager, 1997; Watts, 1997; Walder et al., 2003; Fritz et al., 2001 Fritz et al., , 2004 Panizzo et al., 2005; Pastor et al., 2009; Basu et al., 2010) , and numerical simulations (Heinrich, 1992; Watts, 1997; Monaghan and Kos, 2000; Watts et al., 2005; Wieczorek et al., 2007; Romstad et al., 2009; Biscarini, 2010) . In this study, empirical relationships based on experimental models proposed by Hall and Watts (1953) , Chow (1960) , Weigel (1964) , Noda (1970) , Synolakis (1987) and Huber and Hager (1997) were applied to a landslide developing at the Kurtun Dam reservoir area (Gumushane, Northeastern Turkey). The potential landslide was first recognized in 2002 by the State Hydraulic Works (DSI) during surveys of the reservoir area. The developing landslide could potentially generate a wave extending across the reservoir area. This paper aims to describe the potential landslide mass, to discuss monitoring of the landslide movement using geodetic deformation measurements, and to investigate empirical models for determination of the height, speed, run-up and adverse effects of the potential landslide-generated waves. For this purpose, index parameters and some geometric features of the landslide mass were initially determined. Using these features, the results of modelling waves in the reservoir area using previously developed models to derive a range of values for potential wave height, run-up, and speed were examined. Then, based on these findings, the areas potentially at risk were determined in a geographical information system (GIS) environment.
Geographical and geological settings
The study area is located in the southern part of the Eastern Black Sea region of Turkey (Fig. 1) . Due to the climate characteristics of this zone and the hydrodynamic properties of its rivers, the Eastern Black Sea Region has become the site of important hydropower structures, such as dams and hydroelectric power plants. Kurtun dam is located in the Eastern Black Sea Region, 27 km northwest of the town of Torul on the Harsit River in Gumushane province. The main purpose of this dam is to provide energy and the facility has an annual output of 198 GWh (State Hydraulic Works, 2010 (Ozkuzukiran et al., 2006) . Kurtun dam is 133 m high from the riverbed, and the crest extends 300 m. The dam is constructed on a relatively narrow valley with steeply sloping walls approximately 45 m apart. Abutment slopes average 61 • and 52 • for the left and right abutments, respectively.
The lithological units in the study area consist mainly of thick volcanic, volcano-clastic and intrusive rocks (Fig. 2) . According to Guven (1993) , the basement unit of the study area is the Turonian-Santonian age Catak formation (Ct), which is composed of clay, sandy limestone and andesite interbedded with pyroclastic deposits. The Catak formation is conformably overlain by the Kizilkaya formation (Kz) consisting of biomicritic limestone, dacite with marl and pyroclastics. The Kizilkaya formation is conformably overlain by the Campanian-Maastrichtian age Caglayan formation (Cg) consisting of clayey sandy limestones, basalts interbedded with marls, andesites and pyroclastics. These sequences in the study area were cross-cut by the Kurtun granitoide (Kr) intruded during the Upper Cretaceous. The intrusion consists of hornblende and biotite. This intrusion is in turn cross-cut by dikes of quartz porphyry, dacite and dolerite (Ceryan et al., 2008) . Considerable hydrothermal alterations at the outer zones of the Kurtun granitoid and along the faults can be observed in the area.
Engineering geology of the Hardisagir landslide
In the Northern part of Turkey, large landslides such as the Catak (Genc, 1993) , Dagkoy (Ocakoglu et al., 2002) , Kuzulu (Gokceoglu et al., 2005) , Tuzla (Gokceoglu et al., 2009) and Tortum (Duman, 2009 ) are frequent. The Hardisagir landslide, which forms the basis of this study, is a large landslide located on the left abutment of the Kurtun Dam reservoir area. The distance between the dam body and the landslide mass is approximately 1800 m (Fig. 1) . The main triggering for the landslide is considered to be precipitation, due to the fact that major earthquakes have not been recorded at or near the study area in recent times (the North Anatolian Fault located approximately 150 km south of the study area; Fig. 1) . A close inspection of the local geology of the landslide mass revealed three lithological units (Fig. 3) . From bottom to top, diabase, granite-granodiorite and slope debris units were determined and mapped (Fig. 3) . The landslide occurred mainly on the slope debris material, which was composed of granite, granodiorite and diabase blocks (Fig. 4) . During field studies, it was observed that the landslide material belonged to an old landslide mass and that heavy precipitation caused this material, which was critically balanced, to be triggered again. At the top of the landslide topography, tension cracks 40 and 50 cm in length were observed. The triggering point of the landslide, namely the top of scarp, was recorded at an altitude of 1.035 m ( Fig. 3 ; Table 1). The elevation of the base of scarp was determined to be 850 m. The distance from the base of scarp to the toe of the mass was 645 m. The geometrical shape of mass was an ellipsoid (Fig. 3) . To facilitate the calculation of potential wave properties, average and maximum slide widths were measured and determined to be 330 and 340 m, respectively (Table 1) . From the drilling data collected in the area, the average thickness of the landslide mass was determined to be 26 m. The density of the material is one of the basic inputs for calculating wave properties. In this context, the density of the slide material was found to be 2.5 t m −3 . The surface area of the landslide mass was calculated to be 88 000 m 2 , and using both this surface area and average thickness values, the maximum volume of the landslide mass was obtained as 1 320 000 m 3 (Table 1 ). In addition to the aforementioned landslide mass, small-scale debris flows and debris slides also occurred, both on the slide mass and in its very close vicinity (Fig. 3) . Some of these movements were located near the maximum water level of the reservoir. As a result, the lower part of these mass movements remained at or below the water level. Therefore, there is also the potential for underwater landslide-induced waves to occur.
The first engineering geology studies in the area were performed in 1990 by DSI. However, after the aforementioned landsliding began in 2002, a monitoring programme was started in the area. For this purpose, geodetic measurements A. Akgün: Assessment of possible damaged areas due to landslide-induced waves were performed at six observation locations (Fig. 3) during the period from 2002 to 2008. These deformation measurements are presented in Table 2 . In Fig. 5 , a graphical representation of these deformation measurements is also presented. According to the graphs,the most considerable deformations could be observed at observation location 1, 2, 3 and 4. At these locations, a vertical deformation changing from 1 m to 3 m was observed. In addition to this observation, a horizontal deformation could also be determined at the same observation locations. All these deformation measurements revealed that the inspected landslide shows an important vertical movement in the area. In addition to Table 2. these measurements, seven bore holes were drilled in the area (HSK1 to HSK7), and observation pipes were placed in these bore holes to determine precisely the slip surface. According to these measurements, the sliding depths were determined to be 23 m at the HSK-1 bore hole and 12 m at the HSK-7 bore hole, respectively (Fig. 3) . According to the landslide classification system proposed by Varnes (1978) , the landslide was determined to be a translational debris slide, and the mass was determined to be active based on the WP/WLI (1993) classification system.
A. Akgün: Assessment of possible damaged areas due to landslide-induced waves
Potential landslide-induced waves
To assess the potential for landslide-induced waves to occur in natural and artificial reservoir areas, many methods have been applied. Several empirical and numerical models have been suggested to analyse waves generated by landslides using deductive or inductive approaches (Slingerland and Voight, 1979) . More recently, interactions between landslides and water bodies have been incorporated in a hydrodynamic model using force terms (Kofoed-Hansen et al., 2001 ).
To evaluate the potential of landslide-induced waves to cause damage in the Kurtun Dam reservoir area, previously developed models were used to derive a range of potential wave height, run-up and wave speed values. The calculations of these data are based upon the measured parameters for the landslide mass in the study area listed in Table 1 .
Landslide velocity
Landslide impact velocity is one of the primary parameters to be used for modelling landslide-induced waves. For this purpose, the velocity relationship proposed by Slingerlands and Vought (1979) was used. According to this relationship, landslide velocity can be modelled as:
where v s is the slide velocity, computed as a mass sliding on a plane, v 0 is the initial slide velocity, which is assumed to be 0 ms −1 , g is the gravitational constant (9.81 ms −2 ), s is the landslide travel distance from the toe of the landslide mass to the water's edge, β is slope angle in degrees and φ s is the angle of internal friction. The angle of internal friction (φ s ) for a given soil can be determined by plotting the shear stress and the normal effective stress at which shear failure occurs on a Mohr's Diagram. To accomplish this, direct shear tests with consolidated-drained (CD) condition were performed on the landslide material. φ s was found to be 35 • (Table 1) . According to the relationship given in Eq. (1) and the measured landslide characteristics given in Table 1 , the impact velocity was calculated to be 72.40 m s −1 .
Wave height
In the case of a rapid movement of the landslide mass into the reservoir water body, the resulting waves will have a certain height, and this height will adversely affect both the Kurtun Dam and the Ozkurtun settlement area. To estimate the adverse effects of landslide-generated waves, the height of these possible waves must be determined. To estimate this height, three different empirical relationships proposed by Noda (1970) , Slingerland and Voight (1979) and Huber and Hager (1997) were applied. According to Noda (1970) , the wave height can be modelled as:
where η is wave height in metres, F is the Froude number, which is expressed as v/(gd) 0.5 (v: landslide velocity calculated by Eq. (1), g: acceleration of gravity (9.81 m s −2 ) and d: water depth of the reservoir), and λ is the maximum thickness of the landslide mass. Using the velocity of 72.40 m s −1 and the Froude number of 1.88, Eq. (2) yields a potential wave height in the reservoir area of 49.07 m. Slingerland and Voight (1979) used data from a study on Mica Reservoir in British Columbia to refine a previously developed model and developed the following regression equation for first wave height:
where a and b are constant values, which are −1.25 and 0.71, respectively, and are neither dependent on the site nor on the reservoir geometry, and KE is the dimensionless kinetic energy. KE has a value ranging from 1 to 100 and is expressed by Eq. (4).
where l is the length of the landslide mass, h is the thickness of the landslide body, w is the average landslide width, d is the water depth, γ s is the density of the landslide material, γ is the density of water (1.0 g cm −3 ) and v s is the slide velocity. Substituting the above values into Eq. (4) yields a KE value of 7.22, which in turn is substituted into Eq. (3) to yield a wave height of 34.36 m. Huber and Hager (1997) proposed a forecasting model for impulse waves into reservoirs. The input parameters for their model were the slope angle at the impact site, the plunging slide volume (V s ) over a finite shore distance (b), equal to the width of the slide at impact with the water, the slide velocity and direction at the impact site, the water depth (d) near the impact site, water body bathymetry and the distance (x) from the impact site to the location under consideration . According to Huber and Hager (1997) , wave height (H ) can be calculated as:
Using the values previously cited for α, γ s , γ , and d, a landslide volume (V s ) of 1 320 000 m 3 , a distance (x) of 330 m to the middle of the reservoir area and a finite shore distance (b) equal to the width of the region of impact along the shore, which correspond to the average width of the landslide (340 m), Eq. (5) yields a wave height of 32.11 m. The wave height (H ) is mainly influenced by the impact angle and secondarily by the specific landslide volume (V s /b). The remaining factors in Eq. (5) are of minor importance . Based on the above findings for wave height, an average value of 38.51 m can be proposed for the study area.
Wave velocity
Landslide induced waves propagate in semicircles over an open water surface, and the wave height varies with this propagation direction and the travel distance. The largest waves travel in the direction of maximum momentum, while lateral waves travelling along the shore are significantly smaller . To compute the possible wave velocity in the reservoir area, two empirical relationships were applied. The first relationship was applied by Wiegel (1964) to determine wave celerity (C). This relationship, given in Eq. (6), can be written as:
A water depth, d, of 150 m in the reservoir area and an average wave height, H , of 38.51 m results in a wave velocity (C) of 43.00 m s −1 . The second relationship used to calculate wave velocity was proposed by Huber and Hager (1997) . According to this relationship, the C value can be found using Eq. (7):
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Wave run-up
When a landslide mass suddenly moves into a reservoir, the resulting wave often reaches the opposite slope of the landslide, and this phenomenon is known as wave run-up in the literature (Mueller, 1995; Huber and Hager, 1997; Wieczorek et al., 2007) . This phenomenon typically destroys all natural landscapes and anthropogenic structures on the opposite slope. To determine the run-up values of possible waves in the study area, four empirical relationships were used. According to Chow (1960) , wave run-up on a slope on the opposite shore of a landslide can be calculated using Eq. (8):
where v s is the landslide velocity, which can be found using Eq. (1), and g is the acceleration of gravity. According to this equation, a landslide velocity of 72.40 m s −1 results in a wave run-up of 267.16 m. This means that any structure in the reservoir area, such as fishponds, that is in the impact area of the landslide could be expected to be displaced by as much as 267 m. Huber and Hager (1997) also provided a relationship for wave run-up. This equation is as given below:
where R is the wave run-up height over the level of the water body, β is the angle of the opposite slope, H is the approaching wave height found using Eq. (5), L is the wave length, which is typically 5 times greater than the water depth and d is the water depth (150 m). When calculating wave runup values, the H value obtained from Eq. (5) was used by considering the study of Wieczorek et al. (2003) . Wieczorek et al. (2003) suggested that the H value proposed by Huber Slingerland and Voight (1970) 34 m Noda (1970) 49 m Huber and Hager (1997) 32 m Average Wave Height 38 ± 9 m Wave Runup on Opposite Slope Chow (1960) 267 m Huber and Hager (1997) 30 m Synolakis (1987) 61 m Hall and Watts (1953) 78 m Average Wave Runup 109 ± 107 m Wave Velocity Weigel (1964) 43 m s −1 Huber and Hager (1997) 38 m s −1 Average Wave Velocity 40 ± 3 m s −1
and Hager (1997) should be used because this value represent the wave height in the middle of the reservoir, and this wave height is considered to be the main source point of the possible wave run-up. Using these values, Eq. (9) yields a wave run-up of 30 m on the shore opposite the landslide. Another relationship for wave run-up calculations was proposed by Synolakis (1987) . According to this relationship, the wave run-up can be calculated as:
Using 45 0 for the opposite slope angle, 32.11 m for H and 150 m for d, a potential run-up of approximately 61.83 m is calculated for the slope opposite the studied landslide. The last relationship used for calculating wave run-up was provided by Hall and Watts (1953) . This relationship is given below:
Based on this relationship, the wave run-up was calculated as approximately 79 m. All the calculated wave properties are given in Table 3 .
Assessment of possible damage to the reservoir area
To assess the potential adverse effects of landslide-induced waves on the reservoir area, a geographical information system (GIS)-based assessment was carried out using the wave characteristics calculated from the above empirical relationships. In this assessment, two wave properties in particular, run-up and wave velocity, were taken into consideration because these two parameters are especially likely to affect man-made structures such as settlement areas and the dam body located near the site of the potential landslide. As given in Table 3 , all the considered wave properties were calculated using more than one empirical relationship, and average values of these properties were also given. When conducting the potential damage assessment for vulnerable areas, all the wave run-up values calculated were taken into consideration. For this purpose, five possible damage levels from 1 to 5 were differentiated (Fig. 6 ). In this differentiation, level 1 shows the areas that would probably be affected by wave run-up with a 30 m run-up range. Levels 2, 3, 4 and 5 show the possible damaged areas of waves with 61.38 m, 78.99 m, 109.38 m and 267.16 m run-up ranges, respectively. These results suggest that when the landslide mass enters the reservoir water, the resulting wave will run-up some significant amount on the opposite side of the slope. On the opposite slope of the current site, a new settlement area, Kurtun district, has been established (Fig. 7) . After the construction of the Kurtun dam, some parts of the Kurtun district stayed below the reservoir water level. Currently, a new settlement site in the Kurtun district, the DSI camp that was constructed during the Kurtun Dam construction, and the highway connect- ing Gumushane city to the Black Sea coast are located in the wave run-up impact area (Fig. 6) . The settlement areas, Kurtun district and Kurtun Dam, were also digitized. Due to the fact that the crest altitude of the Kurtun dam is approximately 700 m, the dam body was shown at this altitude. The distance between the landslide site and the dam body is approximately 1800 m. As the average wave velocity was calculated to be 40.68 m s −1 after entry of the landslide mass into the reservoir, the lateral travel time of the wave created by the landslide was estimated to be 44 s. When considering an average wave height of 38.51 m, it seems unlikely that such a wave will overtop the dam. This prediction remains valid even for the maximum wave height suggested by the above models, 49.07 m, because the highest wave amplitude will be somewhat diminished by the time the wave reaches the dam body. However, the impact of such a wave on the dam body will naturally produce a dramatic effect, and this effect must be taken into account. Because wave impact analysis is beyond the scope of this study, the problem was not handled in detail here. However, a close inspection of Fig. 6 also reveals other settlement areas close to the landslide site. These areas should also be evaluated as areas that could potentially be threatened by a landslide-induced wave. One of these areas is located on the north side of the landslide area, and the distance between the landslide and the settlement area is approximately 1400 m. When considering this distance and comparing it with the distance between the landslide site and the opposite side of the reservoir, it is clear that it is unlikely to be a large potential for run-up in this area. However, minor effects of a potential wave could be expected in this area. For this reason, the possible adverse effects in this area should not be neglected.
Discussions and conclusions
In the present study, the potential properties of landslideinduced waves in the Kurtun Dam reservoir area were calculated using several empirical relationships. Specifically, wave height, wave run-up and wave velocity were determined using three, four and two empirical equations, respectively. The purpose of using more than one relationship was to strengthen and to compare the results obtained. When calculating the wave height, the use of three empirical relationships yielded extremely similar results. The same situation was encountered when calculating the wave velocity. However, the relationships used for calculating wave run-up values showed a considerable inconsistency among the results obtained. For example, while the relationship proposed by Chow (1960) gave a very high run-up value, the other relationships used gave plausible values. When examining the wave run-up calculation equations, it will be seen that the equation proposed by Chow (1960) uses only two input parameters to calculate the wave run-up value. In this equation, there is no input parameter with respect to the water body. However, it is very clear that the handling problem is somewhat complicated, and to overcome this complexity, more parameters, including characteristics of the water body and the opposite slope, should be evaluated. For this reason, other scientists, such as Huber and Hager (1997) , Synolakis (1987) and Hall and Watts (1953) proposed the use of the other equations, which were employed in this study. These factors illustrate why the wide range of calculated wave run-up values was obtained in this study due to variations in the input parameters considered by different researchers. As a result of this situation and to avoid errors in the potential damage assessment, all the calculated wave run-up values were taken into account. In this context, the areas of significant wave threat were determined and their possible damage levels were assessed. According to the results of the potential damage assessment for vulnerable areas, Kurtun district and the DSI camp area are located in the 2nd and 3rd damage level zones of the potential landslide-induced wave impact area. In addition, the highway that connects Gumushane with the Black Sea coast is also within the same potential damage zone. Although the population of Kurtun district is not very high, at 3000 people, the vehicle traffic on the aforementioned highway is relatively dense. For this reason, the occurrence of a landslide-induced wave could result in the injury or death of many people, and the road could be damaged by the wave. Based on the calculated wave height and wave velocity values, the likelihood of damage to the Kurtun Dam itself seems relatively low, consistent with the relatively large distance between the landslide location and dam body location. Future work is proposed to address this problem using two-or three-dimensional numerical modelling and simulation. In this way, the potential damage estimated in this study may be evaluated in greater detail and visual results may be presented. Because this is the first scientific study of possible adverse landslide-induced wave impacts on reservoir areas in Turkey, this study may be used as an example for solving similar problems in other locations.
